Inexpensive liposome-polymer transfection complexes (LPTCs) were developed and used as for DNA or protein delivery. The particle sizes of the LPTCs were in the range of 212.2 to 312.1 nm, and the zetapotential was +38.7 mV. LPTCs condensed DNA and protected DNA from DNase I digestion and efficiently delivered LPTC/DNA complexes in Balb/3T3 cells. LPTCs also enhanced the cellular uptake of antigen in mouse macrophage cells and stimulated TNF-α release in naïve mice splenocytes, both indicating the potential of LPTCs as adjuvants for vaccines. In vivo studies were performed using H. pylori relative heat shock protein 60 as an antigen model. The vaccination of BALB/c mice with LPTC-complexed DNA and protein enhanced the humoral immune response. Therefore, we developed a DNA and protein delivery system using LPTCs that is inexpensive, and we successfully applied it to the development of a DNA and subunit vaccine.
Introduction
Most vaccines have been developed using live attenuated organisms, killed whole organisms, or inactivated toxins. Live vaccines are intrinsically unstable and have a serious risk of reverting back to their virulent state, and, thus, they are difficult to use. Furthermore, because the whole organisms are killed or inactivated, these vaccines generate a weaker immune response and typically require multiple doses. Thus, recent efforts have focused on utilizing technologies such as recombinant DNA to develop DNA and subunit vaccines [1, 2] . Theses vaccines are attractive because of their increased safety since they cannot revert to a virulent form and they lack contaminants from the original pathogenic organism. Additionally, the ability to consistently produce large, welldefined quantities of antigen from recombinant methods is highly desirable.
A DNA vaccine is an antigen-encoding plasmid that upon introduction into the body is capable of directing in vivo expression of that protein. This can induce antigen-specific immune responses. DNA vaccines are able to induce cellular immune responses (cell-mediated immunity) in addition to antibody responses (humoral immunity). Generally, cellular immunity is better able to fight viruses and parasites. DNA plasmid vectors carry the genetic information encoding an antigen, and, thus, the antigen can be produced inside the host cell. The DNA vaccine-derived protein antigen is then degraded by proteosomes into intracellular peptides and is bound to MHC class I molecules on the cell surface. The peptide antigen/MHC complexes bind to cytotoxic CD8 + lymphocytes and induce a cell-mediated immune response. DNA vaccines can be designed to express the associated protein from infectious bacteria or viruses that is recognized by the immune system. DNA vaccines are able to induce the expression of antigens that resemble the natural epitopes more closely than standard vaccines. DNA vaccination could trigger both cellular and humoral immune responses after the internal production and presentation of the protein. Furthermore, rapid and large-scale production is considerably less expensive than traditional vaccines. They are also stable for storage and transportation much easier.
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Subunit vaccines use only parts of an organism to stimulate a strong immune response. To create a subunit vaccine, the gene that codes for appropriate subunits from the genome of the infectious agent are placed into bacteria or yeast host cells to produce large quantities of subunit molecules. These foreign molecules can be isolated, purified from host cells and used as a vaccine. Hepatitis B vaccine is an example of this type of vaccine. With the development of these new types of vaccines, there is a critical need for additional delivery vehicles as well as new adjuvants.
Several nanoparticles have been used for gene delivery, immuneregulation, specific targeting, or detection [3] . Cationic liposomes have been used extensively in both gene therapy and vaccine research. This is based on the idea that cationic liposomes are able to deliver the antigen to the antigen-presenting cells (APCs) and thus enhance antigenspecific immune responses. Moreover, cationic liposomes are much more potent than anionic or neutral liposomes for generating a cell-mediated immune response [4] , as the adsorption of antigen onto the cationic liposome increases the efficiency of antigen presentation. Adsorption has been suggested to be the primary adjuvant mechanism of cationic liposomes, by which targeting the cell membrane of antigenpresenting cells subsequently leads to enhanced uptake and presentation of antigen [5] . A preclinical study in mice evaluated the effect of liposome formulation on the type of immune response generated for a MUC1 therapeutic cancer vaccine. The results revealed that liposome-associated (either encapsulated or surface-exposed MUC1 peptide BP25) produced a strong specific CTL response [6] . In addition, cationic lipids such as DC-Chol and DDA have been effectively used as adjuvants to overcome the observed nonresponsiveness to the hepatitis B vaccine [7] . Although liposomes constitute one of most studied antigen delivery systems, studies are still underway to enhance their effectiveness. The synergistic effect of liposomal coentrapment of DNA and protein has been shown to exceed the well-known adjuvant effects of plasmid DNA and liposomes. This new approach to vaccination has been termed "codelivery", and it involves the simultaneous presentation of antigen via MHC class-I (DNA) and MHC class-II (protein) pathways to CD8 + and CD4 + cells that commonly occurs with live viral pathogens.
In this study, we evaluated novel liposome-polymer transfection complexes as a delivery system and applied the system in the development of a DNA and subunit protein antigen vaccine. The delivery system is easy to manufacture and low in cost compared with general cationic liposome antigen delivery systems. Thus, we demonstrate the potential to apply this system in the development of animal vaccines for farm animals that need large quantities of vaccines with low cost, particularly for species where a large number of animals with a relatively low commercial value are utilized, such as chickens. 
Experimental Methods

Cell Culture and Plasmids.
The mouse embryo fibroblast cell line Balb/3T3 was cultured in DMEM with 10% FBS and 1% PSA. The mouse lymphoblast cell line P338/D1 was cultured in RPMI with 10% FBS and 1% PSA. Cells were cultured in a 37
• C incubator with 5% CO 2 . The plasmid pAAV-MCS-hrGFP was from Dr. Liao's Lab (Department of Biological Science and Technology, NCTU).
Mice and Immunogens.
Female BALB/cByJNarI mice of 3-5 weeks of age were purchased from the National Laboratory Animal Center (NLAC). All mice were maintained under standard pathogen-free conditions. Female mice were used at 9-10 weeks of age. For the DNA vaccine, the pCJ3-HpHsp60 plasmid was a gift from Dr. Wu's Lab (Department of Food Science, NTOU). Plasmid DNA was purified by anion exchange chromatography (Qiagen-tip 2500 Mega Prep Kit, Qiagen, Germany). For the subunit protein vaccine, recombinant H. pylori heat-shock protein 60 (rHpHsp60) was encoded by pET 30a-HpHsp60 DNA, which was from Dr. Liao's Lab (Department of Biological Science and Technology, NCTU).
Preparation of Liposome-Polymer Transfection Complexes.
Liposome-polymer transfection complexes (LPTCs) were formed by two hydrophilic polymers (PEI, PEG) and soybean oil; the two phases were mixed by sonication. Briefly, the first step was to make separate oil and aqueous phases. In the aqueous phase, polyethyleneimine (PEI) and polyethylene glycol (PEG) at a 1 : 1 molar ratio were dissolved in ddH 2 O. After the aqueous phase was prepared, 10% of the total volume soybean oil was added to the aqueous phase. Then, the mixture was vortexed for 10 min and sonicated at 25 W for 30 min at room temperature until it formed a milky white appearance; the mixture was stored at 4
• C.
Transmission Electron Microscopy (TEM).
The mixture was placed onto a 400 mesh copper grid coated with carbon. About 2 min after deposition, the grid was tapped with filter paper to remove surface water and placed into a dry box for two days.
Particle Size and Zetapotential Measurement.
The particle size and zetapotential of the LPTCs were measured by the laser light scattering method using a Malvern Zetasizer 3000HS (Malvern Instruments, UK). Here, we used the ratio of the moles of amine groups of PEI to those of the phosphate groups of DNA (N/P) to describe the PEI/DNA complexes (PEI contained in LPTCs). The LPTC/DNA binary complexes were prepared at N/P ratios ranging from 1 to 30 containing 50 μg of DNA. Then, the prepared complexes were incubated for 30 min and diluted by distilled water to 1 mL volume for the size and zetapotential measurements. The distribution of particle sizes was measured by dynamic light scattering (90 plus, Brookhaven Instruments Corp., USA).
Gel Electrophoresis Assay.
The LPTC/DNA binary complexes at varying N/P ratios ranging from 1 to 30 were prepared by adding appropriate volumes of LPTC to 300 ng of plasmid DNA prestained by 1 μL of SYBR Green in ddH 2 O. The binary complexes were incubated at 37
• C for 30 min, and then heparin (Sigma, St. Louis, MO) was added at different dosages from 150 μg to 1 μg. After 10 min, the complexes in a total volume of 10 μL were loaded on the 0.8% (w/v) agarose gel with Tris-acetate (TAE) running buffer at 100 V for 30 min. DNA was visualized with a UV lamp using the Uni-photo gel image system (EZ lab, Taiwan, ROC).
DNase I Protection
Assay. The LPTCs were complexed with 300 ng DNA at an N/P ratio of 10, and then the complexes were treated with the following: (1) DNase I alone (1 unit), (2) DNase I and heparin at the same time, (3) DNase I then heparin, or (4) heparin alone. For the treatment of DNAase I, 300 ng of DNA was incubated with 1 unit of DNase I in a 20 μL reaction mixture at 37
• C for 30 min, and then 0.5 M EDTA was used to stop the reaction, followed by the addition of heparin or buffer. The DNA complexes were analyzed by 0.8% agarose gel electrophoresis.
Cytoxicity of LPTC.
Balb/3T3 cells were seeded into 96-well culture plates at 2 × 10 4 cells/100 μL/well. Ten μL LPTC with different concentrations were added into each well and incubated for 72 h in CO 2 incubator at 37
• C. Then, the cell viability was determined by stander procedural for MTT assay. The percent relative activity was calculated by (A 1 /A 0 ) × 100%, in which A 1 is the absorbances of treated samples and A 0 is the absorbances of untreated samples.
In Vitro Transfection
Assay. Cells were seeded in 6-well plates at a density of 2.5 × 10 5 cells/well and cultured with 2 mL of growth medium for 24 hours. Cells were transfected with plasmid DNA encoding the GFP gene by LPTC at various N/P ratios. Briefly, 3 μg of plasmid DNA and 5 μL of LPTC in different concentrations were each diluted into 100 μL of 150 mM NaCl and vortexed. The LPTC solution was added into the DNA solution for 5 minutes (note the order) and then vortexed. After 20 minutes, the cells were rinsed and supplemented with 200 μL of Opti-MEM I medium (Gibco, Grand Island, NY). The LPTC/DNA mixture was gently and equally added to each well. Finally, Opti-MEM I medium (600 μL, Gibco, Grand Island, NY) was added to each well. After 12 hours incubation, 2 mL of fresh growth medium was added into each well. After 48 hours, gene expression was measured by FACScan flow cytometry (Becton Dickinson, Mountain View, CA).
Measurement of Transfection Efficiency by Flow Cytometry.
Forty-eight hours after transfection, cells were harvested to measure gene expression. Briefly, the medium was discarded, and each well was rinsed with 1 mL of PBS. Trypsin (1 mL) was then added, and the cells were incubated at 37
• C for 5 minutes. PBS (1 mL) was added into each well, and the cells were recovered by centrifugation at 1,500 rpm for 5 minutes at 4
• C. The supernatant was discarded, and the pellet was resuspended in 1 mL of PBS in FACS tubes. The reporter gene expression was measured by FACScan flow cytometry (Becton Dickinson, Mountain View, CA). Fluorescence intensities were analyzed with CELLQUEST software (Becton Dickinson).
2.12.
In Vitro Cellular Uptake Assay. BSA-FITC (14 μg/mL) was mixed with the LPTCs (4.8 μg) for 30 min at room temperature in the dark. P338/D1 cells (2 × 10 6 cells/mL) were pulsed with BSA-FITC/LPTC complexes and BSA-FITC alone in a humidified atmosphere of 5% CO 2 at 37
• C or 4 • C. After incubation for 2 h, cells were centrifuged at 4,000 rpm for 5 min and washed with 1 mL of cold PBS twice. After the final wash, the supernatant was discarded, and the pellet was resuspended in 1 mL of cold PBS in FACS tubes. To remove the surface-associated BSA-FITC on the cell membrane, 20 μL of trypan blue was added and kept in the dark on ice for an analysis by FACScan flow cytometry (Becton Dickinson, Mountain View, CA).
Ex Vivo Splenocyte Stimulation of LPTCs.
Spleens were isolated aseptically in a laminar flow hood. Organs were cut in several pieces, and clumps were further dispersed by drawing and expelling the suspension several times through a sterile syringe with a 19-G needle. Suspensions were filtered through sterile gauzes. After 5 min centrifugation at 1500 rpm, pellets were resuspended with 10 mL of ACK lysis buffer (1x) in DDW and incubated for 10 min. Suspensions were centrifuged at 1500 rpm for 10 min, and then the pellets were washed with 5 mL of PBS and centrifuged (1500 rpm, 5 min) to remove the supernatant. Cells were resuspended with RPMI-1640 medium and immediately used. Splenocytes were seeded in 24 wells at a density of 4 × 10 6 cells/well, and then 80 μg of LPTC was added to cells. Cells were further cultured with 1 mL of RPMI-1640 medium for 48 hr.
2.14. Cytokine Release from Splenocytes. TNF-alpha in cellculture supernatants was collected by centrifugation and assayed by ELISA using the mouse TNF-alpha ELISA development kit (R&D). The concentration of TNF-alpha was determined using a standard curve. ELISA was performed according to the manufacturer's instructions.
In Vivo Immunization
Regimen. For the heterologous immunization protocol, naïve mice were prime immunized with DNA (pCJ3-HpHsp60) and were boosted with protein (rHpHsp60) (Figure 5(a) ). A control group received sterile normal saline solution. DNA was administered at 12.5 μg/dose formulated with or without 10 μL of LPTC (3.28 mg/mL) in 5% glucose PBS, and then protein was administered at 100 μg/dose formulated with or without 10 μL of LPTC (100 mg/mL) in 5% glucose PBS by subcutaneous inoculation. One additional group received 25 μg of DNA formulated with 20 μL of LPTC (3.28 mg/mL) in 5% glucose PBS and boosted by 100 μg of protein formulated with 10 μL of LPTC (100 mg/mL) in 5% glucose PBS. Each mouse was inoculated with 100 μL of the formulation. For the DNA and protein antigen codelivery immunization protocol, we subcutaneously injected 100 μg of protein antigen (rHpHsp60) and 50 μg of DNA (pCJ3-Hphsp60) in 5% glucose PBS or 10 μL of LPTC (25 mg/mL) in 5% glucose PBS buffer (Figure 6(a) ). The control group received a sterile normal saline solution. Each mouse was inoculated with 100 μL of the formulation. Mice were immunized at 0 and 2 weeks. Blood was collected before each immunization and 2 weeks after the last dose. 
Determination of Serum Antibody
Levels. Blood samples were collected from the retroorbital plexus of mice. Serum anti-HpHsp60-specific antibodies were measured by enzyme-linked immunosorbent assay (ELISA). Briefly, micro-ELISA plates (Nunc-Maxisorp, Nunc, Wiesbaden, Germany) were coated with 100 ng of rHpHsp60 per well in 100 μL of PBS. Serial dilutions of the sera in PBS were added to the antigen-coated wells and then incubated for 1 h at room temperature followed by three washes with PBS supplemented with 0.05% Tween 20. Bound serum antibodies were detected using horseradish peroxidase-conjugated anti-mouse total Ig antibodies at a dilution of 1 : 5000 followed by incubation with TMB. The reaction was stopped by 1 N HCl, and the extinction was determined at 450 nm. End-point titers were defined as the highest serum dilution that resulted in an absorbance value three times greater than that of negative control sera (derived from nonimmunized mice).
Statistical Analysis.
The results were expressed as mean ± SE. Statistical significance of differences between mean values was estimated using Student's t-test (Microsoft Excel). P < 0.05 was considered significant.
Results
Characterization of Liposome-Polymer Transfection
Complexes. The liposome-polymer transfection complexes (LPTCs) were constructed from two hydrophilic polymers (PEG, PEI) and soybean oil. The structure of the LPTCs was also observed by TEM, which showed hollow structure and round shape (Figure 1(a) ). Furthermore, the outer surface of the particles was highly dense, similar to a hair-like structure (Figure 1(a) right panel) . The hair-like structure is likely the polymers. The sizes of LPTCs were measured by dynamic light scattering (DLS), and the results showed that the particle sizes were distributed between 212.2 nm and 320.1 nm (Figure 1(b) ). The surface charge of the particles showed cationic properties, and the strength was +38.6 mV as measured by a Zetasizer. To illustrate the binding sites of protein in the particle, BSA-conjugated gold particles were used as markers. Figure 1(c) showed that BSA-gold particles were located on surface of LPTC using TEM but not on liposomes without polymers. This indicates that the proteins might be bound through polymers and that the binding occurs on the surface of the LPTC particle.
Gel Retardation of LPTC/DNA Complexes.
The cationic LPTC may bind to anionic DNA via electrostatic interaction. Thus, different amounts of LPTC were added to 50 mg of DNA to observe the changes on particle size and zetapotential. As the amounts of LPTC were increased, the sizes of LPTC/DNA complexes increased in N/P ratio from 1 to 5, in contrast to a higher N/P ratio (10 and 30) that decreased their sizes (Figure 2(a) ). In addition to the changes in zetapotentials (surface charge), the surface charges decreased from an N/P ratio of 1 to 5 and then increased from 10 to 30 (Figure 2(b) ).
The binding capability of DNA is essential for gene transfer. Hence, the DNA binding ability of the LPTCs was examined by agarose gel electrophoresis with different N/P ratios (Figure 2(c) ). The result showed that at N/P ratios higher than 5, there was no band on the gel. This result suggests that the plasmid DNA was adsorbed by the LPTC. Heparin was also used to compete with the electrostatic interaction of DNA and LPTC (Figure 2(d) ). However, when the complexes were incubated with higher doses of heparin, the migration of DNA was observed at N/P ratios of 1 to 30. Therefore, the results indicated that DNA did bind to the LPTCs.
We next investigated whether DNA complexed to LPTCs is protected from DNase I digestion. To this end, LPTC/DNA complexes were treated with DNase I, and we examined the integrity of DNA bound on LPTCs (Figure 2(e) ). Gel electrophoresis revealed that DNA alone without LPTC adsorption was completely degraded by DNase I but not affected by heparin treatment (lanes 7 and 8). In contrast, LPTC/DNA complexes treated with DNase I (lane 2) showed the same intensity as untreated LPTC/DNA complexes (lane 1). In addition, heparin was added to release bound DNA from LPTCs with or without DNase I treatment (lane 3 and 5), and these results showed that DNA bound to LPTCs was not affected by DNase I. By contrast, the bound DNA released from LPTCs by heparin was digested by DNase I (lane 4). Therefore, we concluded that LPTCs have the ability to protect bound DNA from nuclease digestion.
The Cytoxicity of LPTC.
To use the LPTC for application, the cytoxicity of LPTCs were measured. Figure 3 showed that LPTC did not have cytotoxic effects on cells at the dosage which was equivalent to practical application.
In Vitro Transfection Efficiency of LPTC/DNA Complexes.
To in vitro test transfection, LPTCs were complexed with the plasmid DNA pAAV-MCS-hrGFP encoding green fluorescent protein as a reporter gene and added to Balb/3T3 cells in the absence of serum. The transfection efficiency of PEI and lipofectamine 2000 was about 5.3% and 93.6%. The reporter gene expression was low, 2% or 13% at N/P ratios 1 or 5, in contrast to high efficiency of 32% or 63% at ratios 10 or 30 (Figure 4(a) ). However, the green fluorescent protein expression was also observed, and the results showed that N/P ratios of 5 and 10 conferred high expression ( Figures  4(b) and 4(c) ). These results indicate that the N/P ratio of LPTCs affects the transfection efficiency.
Immune Response to LPTC/BSA-FITC Complexes.
Naïve mice splenocytes were extracted and treated with LPTC for 48 h, and then TNF-α secretion was detected in supernatants by cytokine ELISA. The results showed that LPTCs stimulated TNF-α secretion in splenocytes, with higher concentrations of TNF-α secretion (105 pg/mL) than the control group (26 pg/mL) ( Figure 5(a) ).
Journal of Nanomaterials In addition, we investigated whether LPTCs could enhance cellular uptake. BSA-conjugated FITC was complexed with different dosages of LPTCs with macrophage cells (P338/D1). The intracellular fluorescence represented the degree of internalization. At 37
• C, the cellular uptake efficiency of LPTC/BSA-FITC complexes was increased by 38.7% compared with BSA-FITC alone ( Figure 5(b) left  panel) . However, the cellular uptake efficiency of LPTC/BSA-FITC complexes was the same as with BSA-FITC alone at 4
• C ( Figure 5(b) right panel) .
The In Vivo Adjuvant Effects of LPTC on Heterologous
Immunization. In vitro studies showed that LPTCs had efficacy in gene transfer and the cellular uptake of antigen by macrophage cells and stimulated the secretion of a proinflammatory cytokine (TNF-α). Thus, we further investigated whether LPTC could be an effective vector to deliver DNA or antigen in vivo. First, to investigate the effect of LPTC on the induction of humoral response, a heterologous immunization protocol was developed by priming with DNA and boosting with protein antigen (Figure 6(a) ). Then, the specific anti-Hphsp60 response was measured. The results showed that treatment with LPTC complexed with DNA or antigen anti-Hphsp60 Ig responses compared with immunization without LPTC (Figure 6(b) ). Furthermore, LPTC complexed with 25 μg of DNA increased anti-Hphsp60 Ig responses 2-fold higher compared with 12.5 μg of DNA at week 4 ( Figure 6(c) ).
The In Vivo Adjuvant Effect of LPTC on Codelivery Immunization.
Inducing an antigen-specific immune response in a short time is an important issue in clinical trials of vaccines. Here, a codelivery immunization protocol was developed that includes priming or boosting with DNA and protein antigens at the same time to investigate the effect of LPTCs on the induction of the humoral response (Figure 7(a) ). Two weeks after the last boost, the results showed that the treatment with LPTCs complexed with DNA and protein antigen increased the anti-Hphsp60 Ig response by about 2-fold (Figure 7(b) ). 
Discussion
In recent years, the development of vaccines has mostly been focused on liposomes, which can encapsulate antigens within a lipid bilayer. The encapsulated antigens are slowly released from the vesicle to continuously stimulate host immunity, which can trigger more efficient immune responses than noncapsulated antigens. Cationic liposome-capsulated antigens can facilitate antigen uptake and presentation [5] . Furthermore, cationic liposomes have more potency than anionic or neutral liposomes in inducing cell-mediated immune responses to soluble proteins [4] . Various phospholipids have different adjuvant activities to induce protective immunity. These results suggest that the structures or components of liposomes may determine the strength of the immune responses or adjuvant effects.
Liposome-based vaccines have been investigated in human trials including vaccines against malaria, HIV, hepatitis A, and influenza, and these vaccines were found to be safe and highly immunogenic [8] . However, liposome-based vaccines for animals are still rare. In livestock breeding, the prevention of infectious disease is very important for avoiding economic loss. Thus, developing an inexpensive and Journal of Nanomaterials efficient liposome-based animal vaccine is important for livestock farming [9] . Here, we developed novel liposomepolymer transfection complexes (LPTCs) with the high-molecular weight branched PEI and PEG and soybean oil. The cationic polymer PEI was an effective transfection reagent and had some advantages such as high cationic charge-density potential, which is able to compact DNA efficiently for enhanced delivery [10] , and a "proton-sponge" effect, which allowed DNA release from the endosome to protect transgenes from degradation [11] . The other hydrophilic polymer molecule PEG has been used to coat liposomes, and the PEGcoated liposome may significantly diminish the liver and spleen uptake of macrophages, leading to increased blood circulation [12] . The third component is soybean oil, which is composed of three unsaturated fatty acids (linolenic acid, linoleic acid, and oleic acid) and two saturated fatty acids (stearic acid and palmitic acid). Here, soybean oil was used to form the liposome structure via sonication. Soybean oil may also allow the addition of immunostimulatory components such as the saponin adjuvant Quil A, which is derived from the bark of the South American Quillaja saponaria Molina tree and has been used as component of the immunostimulating complex (ISCOM) [13] . Immunostimulatory agents are typically hydrophobic in nature and have immunogenicity; thus, the addition of soybean oil through polar interactions improves the adjuvant effect of the vaccine. In addition, all of these components in LPTCs are very inexpensive, which reduces the cost of the animal vaccine for widespread inoculation that would prevent infectious diseases between animals.
Gene delivery vectors include cationic liposomes, cationic polymers, and polycationic liposomes, and they should be examined according to the following criteria: (1) DNA adsorptive ability, (2) the efficiency of gene delivery, (3) cytotoxicity, and (4) large-scale commercial manufacturing ability. These criteria are important for efficient gene expression and possible practical applications. Here, we constructed novel LPTCs that satisfied the above criteria and that had an efficient and rapid procedure for the production of the gene delivery vectors. LPTCs showed high positive charges, which absorbs DNA and forms smaller complexes. In addition, the complexes showed higher efficiency of gene transfer at N/P ratios of 10 and 30. Finally, we found that LPTCs had adjuvant effects and efficiently enhanced antigen-specific antibody responses in both immunization strategies (heterologous and codelivery).
LPTCs are round, nanometer in scale in size (Figures  1(a) and 1(b) ), and positively charged. We speculated that the positive charge was due to the cationic polymer (PEI), and it may exist on the surface of particles in high-density hair-like filaments (Figure 1(a) right panel) . According to the TEM images, the polymer layer consists of PEI and PEG on the surface of LPTC to form the cationic nanoparticle (Figure 1(a) ). DNA and protein could be bound on the surface of LPTC via electrostatic interaction (Figure 1(c) ). Polyethylenimine was an essential component to bind the proteins. We examined the dimension and surface charge changes that occurred with various N/P ratios of LPTC/DNA (Figures 2(a) and 2(b) ). The results showed that higher N/P ratios formed smaller complexes, and we hypothesized that DNA rigidly bound on LPTCs when the amount of LPTC was larger. This result also suggests that a high positive charge may reduce the aggregation by electronic repulsion, which encourages smaller LPTC/DNA complex formation. Furthermore, the positive charge can facilitate adherence to cellular membranes, inducing and increasing intracellular uptake.
A successful gene therapy or DNA vaccine relies on efficient DNA liberation from the endocytic vesicles and DNA nuclear localization for final gene expression. However, Lechardeur et al. proposed that cytosol nucleases are responsible for the rapid degradation of plasmid DNA, which limits DNA nuclear localization [14] . Our results showed that LPTC not only complexed with DNA efficiently at high N/P ratios but also protected DNA from DNase I digestion (Figures 2(c) and 2(e) ). Godbey et al. suggested that the protection of DNA by PEI resulted from a physical or electrostatic barrier to enzymatic degradation with DNAse I [15] . Thus, we speculate that PEI played an important role in LPTC-DNA complex formation and the protection from DNase I degradation.
Our in vitro transfection results showed that as the N/P ratio increased, the transfection efficiency increased (Figure 4(a) ). Expression could be easily visualized at N/P ratios of 5 and 10 ( Figures 4(b) and 4(c) ). However, the higher transfection efficiency at N/P = 30 showed low expression by fluorescence microcopy (Figures 4(b) and 4(c) ). A possible explanation for this result is that less DNA bound to LPTC when large amounts of LPTC were present, so less DNA entered into each cell. Nevertheless, large amounts of LPTC enhanced the entry of LPTC/DNA complexes into cells. We postulate that the N/P ratio of 10, which showed the highest gene expression, was the most suitable charge ratio of the LPTC/DNA complex for DNA vaccine treatment in vivo.
Cationic lipids and cationic liposomes have been used as vaccine adjuvants in DNA vaccines and protein-based vaccines [16, 17] . Thus, we investigated whether antigen adsorbed to cationic LPTC could effectively enhance the cellular uptake of antigen-presenting cells (APCs). We showed that LPTC enhanced the efficiency of cellular uptake ( Figure 5(b) ). We speculated that the cationic properties of LPTCs were good for targeting to the cell membrane of antigen-presenting cells, which subsequently leads to enhanced uptake. This hypothesis has been tested and confirmed to be the primary adjuvant mechanism of cationic liposomes by other studies [5] .
A variety of DNA vaccine priming and recombinant viral boosting immunization strategies have been developed to enhance immune responses in humans. This prime and boost vaccination strategy has been used to overcome the ineffective induction of immune responses with DNA immunization alone in nonhuman primates and humans [12] . Furthermore, the advantages of this approach include a synergistic effect on the induction of immune responses and the generation of a robust T-cell-mediated immune response [18] . Here, we used LPTC as a dual vector to carry DNA for priming immunization and carrying protein for boosting immunization and indeed observed a higher antigen-specific immune response. However, the animal vaccine strategy should consider how to induce higher immune responses in short times for a wide range of animals. Hence, we explored the possibility of efficiently codelivering a DNA vaccine and a protein-based vaccine by LPTC. The result showed that this vaccine strategy was successful for stimulating an immune response after single immunization and a higher immune response with two immunizations. Both of the immune responses showed higher antibody responses than a heterologous immunization strategy. Furthermore, the co-delivery vaccine strategy was also confirmed by other studies and has been shown to prime an enhanced and balanced specific immunity of Th1-and Th2-biased responses [19] .
Conclusions
In this study, we confirmed the utility of LPTCs in in vitro and in vivo gene delivery and investigated the adjuvant effects of this compound. LPTCs showed potential for use in animal vaccines for farms that need large quantities of vaccine products with low cost, particularly for species where a large number of animals with a relatively low commercial value are utilized, such as chickens.
